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INTRODUCTION 
Difficult ies  caused by sediment  c a r r i e d  in na tu ra l  s t r e a m s  have 
existed s ince  e a r l i e s t  t i m e s .  Although i n s t r u m e n t s  and techniques f o r  
m e a s u r i n g  s t r e a m  d i scharge  have existed f o r  m a n y  y e a r s ,  only recen t ly  
have a t t empts  been m a d e  to m e a s u r e  sed iment  c a r r i e d  by the s t r e a m s .  
The e a r l i e s t  observat ions  of sediment  d i s c h a r g e  in the United Sta tes  
w e r e  made  by Captain Talcott  in the M i s s i s s i p p i  R iver  in  1838 (1). 
M o r e  o r  l e s s  continuous s a m p l e s  of sediment  f r o m  the Rio Grande have 
been col lec ted  by the United Sta tes  Geological  Survey s ince  1897, and 
f r o m  the Colorado  River  Basin  s ince  1925. Studies of sediment  
t r a n s p o r t  a r e  s e r i o u s l y  hampered  b y  the l a c k  of adequate m e a s u r i n g  
ins t ruments .  The m o s t  widely used method of m e a s u r e m e n t  involves 
the  collect ion and ana lys i s  of in te rmi t t en t  s a m p l e s  f r o m  which i s  
computed the  requ i red  infopmation. The complexity and expense of 
these  techniques  prohibit  t h e i r  continual use  in  all but a  re la t ive ly  few 
of the w o r l d ' s  r i v e r s  and s t r e a m s .  
In a n  a t t empt  to reduce  the  c o s t  and improve  the quality of 
sed iment -d i scharge  information,  the F e d e r a l  In teragency Commit tee  
on Water  R e s o u r c e s ,  Subcommittee on Sedimentat ion,  has  es tabl ished 
the immedia te  goal of developing a n  ins t rument  f o r  determining e i the r  
d i r e c t l y  o r  indi rec t ly  the sediment  concentrat ion a t  a  point in a s t r e a m  
c r o s s  sec t ion (1). T h e i r  u l t imate  objective is  the development of 
ins t ruments  that  wil l  automat ica l ly  sense  and r e c o r d  the quantity and 
c h a r a c t e r  of s e d i m e n t  loads  t r anspor t ed  by n a t u r a l  s t r e a m s .  The  
r e c o r d  thus  p roduced  should be continuous,  o r  in t e rmi t t en t  a t  
suff icient  f r e q u e n c y  t o  def iae  a  continuous r e c o r d  of the s e d i m e n t  
d i s c h a r g e .  
S e v e r a l  d i f f e ren t  ways  of au tomat i ca l ly  d e t e r m i n i n g  the 
concen t ra t ion  of suspended sed imen t  have  b e e n  o r  a r e  being studied (1). 
T h e s e  include e l e c t r o n i c  s e n s o r s  which m e a s u r e  r e s i s t a n c e  changes  
due to the  p r e s e n c e  of sed imen t ;  d i f f e r e n t i a l - p r e s s u r e  dev ices  which  
m e a s u r e  changes  in p r e s s u r e  between two e leva t ions  in a  flowing 
s e d i m e n t - w a t e r  m i x t u r e ;  the use  of u l t r a s o n i c s  f o r  m e a s u r i n g  suspended 
s e d i m e n t  s i z e  d i s t r ibu t ion  and concent ra t ion;  t u r b i d i m e t e r s  which  
m e a s u r e  c loud iness  in a  liquid a s  a n  indicat ion of suspended sed imen t  
concent ra t ion;  and n u c l e a r  dev ices  which u s e  r ad io i so topes  f o r  
de te rmin ing  concen t ra t ion .  
Ano the r  poss ib i l i t y  f o r  ind i rec t ly  d e t e r m i n i n g  sed imen t  
concen t ra t ion  is to m e a s u r e  e f fec t s  of the  concen t ra t ion  on the d i e l e c t r i c  
p r o p e r t i e s  of the t r a n s p o r t i n g  w a t e r .  P r e l i m i n a r y  w o r k  (2, 14) on t h i s  
method cons i s t ed  p r i m a r i l y  of the des ign  of e l e c t r i c a l  c i r c u i t r y  and 
a probe  f o r  mak ing  capaci tance  m e a s u r e m e n t s  in w a t e r - - s e d i m e n t  
s a m p l e s .  E l e c t r o n i c  diff icul t ies  w e r e  encoun te red  and the p ro jec t  w a s  
discontinued.  M o r e  r e c e n t l y  the  p r o b l e m  w a s  reviewed by e l e c t r i c a l  
engineer ing  r e s e a r c h  p e r s o n n e l  of the Utah Wate r  R e s e a r c h  L a b o r a t o r y ,  
and a dec i s ion  w a s  m a d e  to conduct  f u r t h e r  f eas ib i l i t y  t e s t s  under  a  
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LITERATURE REVIEW 
A review of l i t e r a t u r e  indicated tha t  the  use  of a  capacitance 
method f o r  m e a s u r i n g  sed iment  is  unique. T h i s  method h a s  been used 
f o r  m e a s u r i n g  the w a t e r  content of g r a i n s ,  c e r e a l s ,  so i l s ,  e t c . ,  but  
only recen t ly  have a t t e m p t s  been m a d e  to  u s e  the method f o r  detect ing 
o r  m e a s u r i n g  sediment  in n a t u r a l  s t r e a m s .  
Studies have been m a d e  by m a n y  inves t iga to r s  of the d ie lec t r i c  
constant  (f) of w a t e r  and the f a c t o r s  affect ing it .  Drude (5)  concluded 
that  d issolved a i r  produced no e f fec t  upon the  value  of E .  Cur t i s  (4)  
de te rmined  that  fo r  f requencies  not exceeding 100 megacyc les  p e r  
second,  the d ie lec t r i c  constant  of w a t e r  a t  a p r e s s u r e  of one a t m o s p h e r e  
w a s  independent of the f requency,  and had a value of about 8 1 . 2  at 
1 7 ' ~ .  A t  f requenc ies  above about 600 m e g a c y c l e s  p e r  second,  he 
found E d e c r e a s e d  steadily.  
Ratci iffe and White (13) used radio  f requenc ies  to  invest igate the 
w a y  i n  which  the effective conductivity (F) and the effect ive d i e l e c t r i c  
constant  ( E )  of a soi l  v a r y  with f requency.  
A s  e a r l y  a s  1933, Edlefsen (6)  s u m m a r i z e d  the findings of v a r i o u s  
inves t iga to r s  r egard ing  d ie lec t r i c  methods  of measur ing the amount  of 
w a t e r  in  g r a i n s ,  g r a i n  p roduc t s ,  cotton b a l e s ,  and soi ls .  He a l s o  
d i s c u s s e d  the effect  of t e m p e r a t u r e  and the concentra t ions  of solut ions 
on the  d i e l e c t r i c  constant .  Die lec t r i c  m e a s u r e m e n t s  w e r e  used by 
I, Yevstigneyev (21) to  . . . determine the moisture  content of 
powdery substance. " 
Variations of the dielectr ic  constant of water  with tempera ture  
given by Maryotte and Smith (1 1) in the equation 
where 
E = dielectric constant 
0 t = temperature  in C. 
Fig.  1 shows the relationship between temperature  and dielectr ic  
constant according to  Wyman and Ingalls (20). 
The dielectric constants of various salt  solutions determined by 
severa l  observers  a r e  presented in graph f o r m  by Lat tey and Davies (10) 
and these show very  little agreement  with each other.  They attr ibute 
the discrepancies to the many correct ions  that had to be applied to the 
measurements  to obtain "true" values.  
Smyth (1 5) s ta tes  'chat, "So many measurements  of the dielectr ic  
constants of electrolytes have been subject to large e r r o r s  that  it  
would be difficult to determine f r o m  a survey of the ea r ly  l i t e ra ture  
whether the d ~ e l e c t r i c  constants real ly  increase or  dec rease  with 
increasing concentration. " 

Wyrnan ( 1 9 )  reviewed methods normal ly  used f o r  determining 
dielectric constants,  back to  about 1900. He presented a  graph o f  
E v s .  T in  the range o f  0  - 100°C, and described h i s  method of  
determining f i n  liquids having conductivities . . . "as  high as 100 
. t imes  that of  water .  " 
Guillien ( 8 )  investigated the  dielectric constant o f  particles o f  
various mater ia l s  d ispersed in air as well  a s  i n  organic liquids and 
concluded, as  recorded by  V o e i  (17) :  The die lectr ic  constant E o f  a  
dispers ion o f  a  mater ia l  o f  dielectric constant E dispersed in  a  1 '  
volume fract ion,  V ,  in  a  m e d i u m  with  die lectr ic  constant c 2 ,  
depends not only on E € and V ,  but a l so  on the  f o r m  o f  the 1'  2' 
particles,  and i s  independent o f  the size o f  the part ic les .  The m i n i m u m  
dielectric constant w a s  found for  spherical part ic les ,  while a consider-  
able increase  was  found for  nonspherical particles.  For spherical 
particles the following equation proposed b y  Bruggeman ( 3 )  and quoted 
by  Voe t  ( 17 )  appeared t o  cover  the experimental  data v e r y  we l l .  
wherein  
V = volume fract ion of d ispers ion 
E = dielectr ic  constant o f  d ispers ion 
€ = dielectr ic  constant o f  dispersing m e d i u m  
f - dielectr ic  constant of  dispersed mater ia l .  2 - 
Bruggeman ' s  t h e o r y  s t a t e s  tha t  f o r  p la te- l ike  o r  needle- l ike  p a r t i c l e s  
o r i en ted  pe rpend icu la r  to the  e l e c t r o s t a t i c  f ie ld ,  the d i e l e c t r i c  cons tan t  
i s  a  m i n i m u m ,  and i s  m a x i m u m  f o r  p a r t i c l e s  o r i en ted  p a r a l l e l  t o  the  
f ield.  
P o l d e r  and Van San'cen (12) have shown tha t  the  d i e l e c t r i c  c o n s t a n t  
of a  d i s p e r s i o n  of nonspher i ca l  p a r t i c l e s  i s  only s l ight ly  affected by 
the  p a r t i c l e  shape  when p a r t i c l e s  and m e d i u m  have  d i e l e c t r i c  cons tan t s  
of the s a m e  o r d e r  of magni tude .  They  d e a l t  wi th  powders  of s o l i d s ,  
suspended o r  packed together  in a  m e d i u m  l ike  oi l  o r  wax  o r  a i r .  
Voet  and Sur i an i  (18) found that  both o r i en ta t ion  and a g g l o m e r a t i o n  
of p a r t i c l e s  a r e  r e f l ec ted  in the d i e l e c t r i c  cons tan t  of a  d i spe r s ion .  
They d e t e r m i n e d  tha t  the d i e l e c t r i c  c o n s t a n t  is a d i r e c t  and s e n s i t i v e  
r e f l ec t ion  of the  inne r  s t r u c t u r e  of a  d i s p e r s i o n .  
I t  should be  emphas ized  tha t  the e x p e r i m e n t s  r e p o r t e d  by  Voet  
and by  Voet  and S u r i a n i  w e r e  conducted us ing  orgarzic l iquids ,  and  
m a y  o r  m a y  not b e  of value in p red ic t ing  w h a t  w i l l  happen when w a t e r  
i s  used as the  m e d i u m .  
Studies  of w a t e r  d i e l e c t r i c  i n t e r p h a s e s  conducted by F r i c k e  
and  C u r t i s  (7)  using  f r e q u e n c i e s  of 0 . 2 5  to 200 k i locyc les  p e r  second 
showed t h a t  when  a d i e l e c t r i c  d i s p e r s e d  in w a t e r  i s  placed in a n  
e l e c t r i c  f i e id ,  the  i n t e r p h a s e s  b e c o m e  p o l a r i z e d  due to p a r t  of the  
c u r r e n t  p a s s i n g  through t h e m .  The  in t e rphas ia l  capac i ty  i n c r e a s e d  
and the i n t e r p h a s i s i  conductivity d e c r e a s e d  a s  the  f r equency  d e c r e a s e d .  
Results of the foregoing studies indicate the difficulties 
encountered in obtaining accura te  and continuous measurements  of 
the dielectr ic  constant of wa te r .  This proper ty ,  although called a 
constant, va r i e s  widely a s  it  is influenced by its environment. 
Because the dielectric constant of water  is  relatively high in 
comparison with the dielectr ic  constants of other mater ia l s  found in 
it, and the dielectr ic  constant of water  i s  noticeably influenced by the 
presence of impuri t ies ,  it  i s  believed that the presence of impuri t ies  
in water  may  be detected by comparing the dielectric constant of a 
water- impuri ty  mixture  with that  of pure  water .  Some studies based 
on this belief have a l ready  been made. 
A progres s  repor t  by Russell  (14) indicated the feasibil i ty of 
constructing a workable capacitance-type sediment measuring device 
which would measu re  changes in the dielectr ic  constant of wa te r -  
sediment mix tures ,  and these changes could be interpreted direct ly  
a s  percent  sediment. A l a t e r  repor t  by Becker ( 2 )  concluded that 
such a device was no longer considered feasible because concentrations 
of sal t  in the water-sediment  mixture  made successful measu remen t s  
improbable . 
CAPACITANCE-TYPE SEDIMENT DETECTOR 
Theory of operation 
The basic concept of a capacitance-type sediment instrument is 
that the e lectr ical  capacitance between two elements submerged in 
water  will be proportional to the dielectric of the water .  If the 
dielectr ic  var ies ,  the capacitance will vary  in d i rec t  proportion to the 
variation in the dielectric.  The equation for  capacitance can be 
writ ten a s  
C = k E ,  
where 
C = capacitance in f a r ads ,  
k = a constant determined by the probe configuration, and 
E = dielectr ic  constant. 
Assuming k is invarient f o r  a given probe configuration, C va r i e s  
direct ly  a s  E. 
Pure  water  has  a re la t ively high dielectric constant of about 80. 
Sediment, excluding conductive sediment such a s  magneti te,  has a low 
dielectr ic  constant, typically 2 - 4. Russell  (14) shows that  a 100 
percent  fluctuation of the sediment dielectric causes l i t t le e r r o r  in 
capacitance measurement .  Therefore ,  for  pract ical  considerations 
the sediment might be considered simply a s  "voids" in the water .  
Consequently, sediment suspended in water  causes  the sediment-water 
mixture  to exhibit a lower d ie lec t r ic  constant than water  alone. If 
re l iable  m e a n s  can  be employed to m e a s u r e  the capaci tance  with 
sufficient  a c c u r a c y ,  sed iment  suspended in the w a t e r  c a n  be de te rmined .  
In o r d e r  to avoid ionic conduction between the sed iment  capaci tor  
p la tes ,  r e s e a r c h e r s  Russe l l  and Becker  (14, 2 )  covered the p la tes  of 
the sediment  p robe  with a n  insulating m a t e r i a l .  Th i s  insulation made 
the r e s i s t a n c e  between the  p la tes  appear  e ssen t i a l ly  infinite instead of 
a  few hundred ohms.  Subsequent t e s t s  of the insulated sed iment  probe 
prototype,  however ,  demons t ra ted  it to  be sens i t ive  to s a l t  
concentra t ions ,  and e r r o n e o u s  sediment  readings  resu l t ed .  The 
insulated probe not only w a s  sens i t ive  to changes in capaci tance ,  but 
it a l s o  w a s  sens i t ive  t o  changes in res i s t ance .  
An equivalent  e l e c t r i c a l  c i rcu i t  of a n  insulated probe i s  i l lus t ra ted  
in Fig.  2a .  If a  ma themat ica l  express ion  f o r  the e l e c t r i c a l  equivalent 
of the insulated probe i s  wr i t t en ,  a n  in ter -depehdence of C ' and 
P 
R ', is  evident. A s  va r ia t ions  in  C ' and R ' cannot be d i f ferent ia ted ,  
P P P 
t h e r e  e x i s t s  a m a j o r  p r o b l e m  of how to uniquely m e a s u r e  C ' .  
P 
Measur ing the  combined effect  of C ' and R ' i s  not sa t i s fac to ry .  
P P 
The ef fec ts  of dissolved s a l t  and sediment ,  both typical ly 
occur r ing  in w a t e r  a t  the s a m e  t i m e ,  have opposite  ef fec ts  r egard ing  
r e s i s t a n c e ,  bu t  not n e c e s s a r i l y  corresponding ef fec ts  in the capaci tance  
fluctuation. Capaci tance  m e a s u r e m e n t s  taken a t  f r equenc ies  above one 
m e g a h e r t z  exhibit  l i t t le  capaci tance  change as the s a l t  content of w a t e r  
is a l t e r e d .  Res i s t ance ,  f o r  the  s a m e  si tuat ion,  however ,  wi l l  d r o p  
f rom a near  infinite value to a few hundred ohms if sa l t  concentrations 
of a few hundred pa r t s  per  million a r e  added to pure  water .  
Fig. 2. (a )  Probe  equivalent c i rcui t  used by Russell  and Becker. 
(b) Probe equivalent circuit  used a t  UWRL. 
In contras t  to the e lectr ical  equivalent c i rcu i t  of the insulated 
probe, Fig.  Zfa) ,  a noninsulated probe has  a n  electr ical  equivalent 
c i rcui t  of Fig.  2(b)  and capacitance var ia t ions ,  theoretically,  can be 
measured  i r respect ive of the value or fluctuaticg behavior of R . 
P 
The method to  detect  the value of C incorporates  a phase sensit ive 
P 
detector used in conjunction with the noninsulated probe.  
Probe configuration 
Ideally, a sediment probe should be able to sample a large pa r t ,  
if not al l ,  of the s t r e a m  a t  one t ime. F o r  pract ical  reasons,  such a 
la rge  sediment probe was not attempted. Two probes constructed and 
used on this project  a r e  shown in Fig. 3. Each probe is made of b r a s s  
and has  an effective f r ee  a i r  capacitance of about one picofarad. 
Submerged in water  the probe capacitance increases  to 60 or  70 
Fig. 3 .  Para l le l  plate (round d i sc s )  and coaxial sediment probes 
used in experiment.  Sensitive end of coaxial element i s  on 
upper r  ighf . 
picofarads.  La rge r  capacitance than this makes tuning the tank 
ci rcui t  to frequencies of 2 megaher tz  o r  higher difficult a s  the 
inductance becomes too sma l l  fo r  pract ical  appliczclion in the phase-  
sensit ive discr iminator .  
Spacing between the 'cwo disc  p la tes  of Fig. 3 i s  about 2 . 5  cm;  
disc diameter  is 2. 5 cm.  In t.he other probe,  there  a r e  two coaxial 
e lements .  The outer unit is  1 .  5 c m  in diameter ;  tine inner e lement  
is  0.  5 c m  in diameter .  ?he inner element i s  exposed for  6 c m  and 
R T V  silicone rubber is  used a s  the insulating mater ia l  between the 
probe elements .  
Ideally, fo r  stability, the phase-shift  d iscr iminator  c i rcu i t  
should be located a s  close to the probe a s  practical .  It would be ideal 
if the phase detector of the coaxial probe were  loca,bed in the handle of 
the probe; however, this was s o t  pract ical  in prel iminary models.  A 
close proximity between probe and the electronics is  par t icu la r ly  
desirable  a s  extraneous phase shifts in the probe-discr iminator  
connecting cable couid cause smal l  phase-shift e r r o r s  result ing in large 
sediment e r r o r s .  
Phase-sensi t ive  detector 
If a sediment probe i s  connected with a resonating coil a s  shown 
in Fig. 4 ,  a frequency exis ts  such that the voltage a t  point A is  exactly 
in phase with the applied generator  voltage, G .  
Fig. 4. Probe  configuration with i ts  resonating inductance L P 
excitation genera tor ,  G ,  and generator  resista:nce 
Rg. 
The mathematical  model of the circuit  of Fig. 4 can be shown, 
0 
to glve a unique 0 phase shift  for  a cer ta in  0 ,  L and C but to  
P '  P' 
be independent of R . 'This mathematical  model can readi ly  be shown 
P 
to be, 
w h e r e ,  
e = the  voltage a t  point A 
a 
G = the  g e n e r a t o r  voltage 
0 = f requency  in  rad ians f second  
R = the  g e n e r a t o r  s o u r c e  res i s t ance  
g 
R = the  probe r e s i s t a n c e  
P 
C = the  probe capacitance 
P 
L = the resona t ing  inductance 
P 
j = a, 
F o r  the p r o p e r  value of L C , the t e r m  -0  L C can  equal  minus  
P P P P 
one. The t r a n s f e r  function then reduces  s imply  to  
The above e x p r e s s i o n  shows tha t  e and G a r e  of the  s a m e  p h a s e ,  
a 
z e r o  d e g r e e s .  R , probe  r e s i s t a n c e ,  can  a l t e r  the magnitude of the  
P 
output voltage,  but not the phase  angle of the output-over-input  fo r  the 
conditions st ipulated above.  Even f o r  the non- ideal ized,  o r  p r a c t ~ c a l  
c a s e ,  z e r o  phase  angle between e and G i s  es tabl ished independent 
a 
of any value of R . T h i s  f a c t  i s  shown in F ig .  5.  In th i s  f igure z e r o  
P 
phase  shif t  is obtained when C = 600 .29  p i .  
P 

The change in the magni tude  of e / G  i s  not of t h e o r e t i c a l  conce rn ,  
a  
because  a n  i n t e g r a t o r ,  following t h e  output of a p h a s e - s e n s i t i v e  d e t e c t o r ,  
which m e a s u r e s  the  phase  angle  of output -over- input ,  c a n  au tomat i ca l ly  
c o r r e c t  f o r  tlhis change in magni tude .  
A block d i a g r a m  of the s y s t e m  sugges ted  by  the foregoing d i s c u s s i o n  
i s  shown in F ig .  6. Opera t ion  of the c i r c u i t  i s  d e s c r i b e d  a s  fol lows:  
A r ad io - f requency  c r y s t a l  o sc i l l a to r  i s  u sed  t o  exc i t e  the  s e d i m e n t  
probe  and supply a 90 d e g r e e  p h a s e  r e f e r e n c e  vol tage  t o  the  phase  
sens i t ive  de tec to r .  The  sed imen t  probe i s  r e s o n a t e d  wi th  the aid of a n  
inductor ,  L and a vol tage  va r i ab le  capac i to r .  The  vo l t age -va r i ab le  
P ' 
c a p a c i t o r  is in  p a r a l l e l  w i th  the sed imen t  p robe  capac i ty .  The vol tage-  
va r i ab le  c a p a c i t o r  h a s  capac i ty  inve r se ly  p ropor t iona l  t o  the  voltage 
applied to it .  A s  s e d i m e n t  a p p e a r s  in the r eg ion  of the sed imen t  p r o b e ,  
the  capac i ly  of the  s e d i m e n t  p robe  i s  reduced.  T h i s ,  in  t u r n ,  c a u s e s  
the  tuned c i r c u i t  t o  s'nift f r o m  r e s o n a n c e ,  thus  inject ing a phase  ang le ,  
o the r  than z e r o ,  in.to the p h a s e  sens i t ive  d e t e c t o r .  A n o n - z e r o  phase ,  
when r e f e r e n c e d  t o  a 9 0 - d e g r e e  phase  shif t  w i l l  give a n  output vol tage .  
T h i s  vol tage i s  in t eg ra ted  in the  in tegra t ing  a m p l i f i e r ,  hence  it  wi l l  
continue to grow iil ampl i tude  a s  long a s  a n o n - z e r o  phase  angle i s  
p r e s e n t .  The  output vol tage  of the in tegra t ing  a m p l i f i e r  i s  applied t o  
the voltage va r i ab le  c a p a c i t o r ,  C . The voltage applied by  the  output 
v 
of the  in tegra t ing  a m p l i f i e r  changes  the  voltage on  the  v a r i a b l e  c a p a c i t o r ,  
changing i t s  capac i t ance ,  T h i s  change i s  in s u c h  a d i r e c t i o n  a s  to m a k e  

up  f o r  the  l o s s  of capac i t ance  in i t s  p a r a l l e l  c o u n t e r p a r t ,  the p robe ,  
wh ich  l o s e s  capaci ty  due t o  the  p r e s e n c e  of sed imen t .  A s  the  l o s s  of 
p r o b e  capaci tance  i s  comple te ly  compensa ted ,  the phase  sh i f t  r e t u r n s  
to z e r o ,  and the phase  s e n s i t i v e  de tec to r  output is z e r o .  The in tegra t ing  
a m p l i f i e r  wi l l  ma in ta in  i t s  output vol tage a t  a  cons tant  l eve l ,  s ince  the 
a m p l i f i e r  input h a s  gone t o  z e r o  and i t s  output t h e r e f o r e  r e m a i n s  cons tant .  
Should a n  i n c r e a s e  o r  d e c r e a s e  in sed imen t  capaci ty  o c c u r ,  a co r respond ing  
p h a s e  shif t  i s  gene ra ted .  The p h a s e  sh i f t  r e s u l t s  again  in a n  output f r o m  
the  p h a s e  sens i t ive  d e t e c t o r  and the  output voltage of the in t eg ra t ing  
a m p l i f i e r  i s  ad jus ted  accord ing ly .  
A va r i a t ion  in p r o b e  r e s i s t a n c e  should not a l t e r  the z e r o  p h a s e -  
sh i f t  condition. I t  d o e s ,  h o w e v e r ,  a l t e r  the ampl i tude  of the output  of 
the  p h a s e  sens i t ive  d e t e c t o r  f o r  a  n o n - z e r o  phase  shift  condit ion.  
Consequently,  a  low p r o b e  r e s i s t a n c e  c a u s e s  a  low output vol tage  f r o m  
the  p h a s e  d e t e c t o r  and r e q u i r e s  a  f r a c t i o n  of a  second l o n g e r  to ach ieve  
the  d e s i r e d  output a t  the  in t eg ra t ing  ampl i f i e r  than it  o t h e r w i s e  would. 
A c i r c u i t  d i a g r a m  of the s impl i f ied  block d i a g r a m ,  shown in  
F ig .  6 ,  i s  i l l u s t r a t ed  in F ig .  7. In o r d e r  to obtain high f r e q u e n c y  
s t ab i l i t y ,  a  c r y s t a l  o s c i l l a t o r  w a s  used  which  d r i v e s  a  ca thode  fo l lower .  
The  cathode fo l lower  p rov ides  a  cons tant  impedance lo the o s c i l l a t o r  t o  
enhance  i t s  s tab i l i ty .  A t  t he  output of the cathode fo l lower ,  the  sigrral 
i s  sp l i t  and phase  shif ted 45 d e g r e e s  leading and 45 d e g r e e s  lagging.  
T h i s  w a s  done in l ieu  of a 90 d e g r e e  phase  sh i f t  which  w a s  diff icul t  t o  

obtain. The end r e s u l t s ,  however ,  give s igna l s  that  a r e  9 0  d e g r e e s  a p a r t  
a s  r e q u i r e d .  Again,  the signal  which is  fed into the 45 degree  leading 
s ignal ,  o r  x e f e r e n c e  s ignal ,  i s  amplif ied and then fed  into a cathode 
fol lower f o r  i so la t ion  w h e r e  upon it is fed into the probe f o r  probe 
excitat ion.  The 45 degree  lagging signal  i s  amplif ied and then fed through 
a 6L6 which i s  cathode-coupled into the phase  de tec to r .  This s ignal  
s e r v e s  a s  the r e f e r e n c e  signal .  In place of the in tegra t ing ampl i f i e r ,  a  
m i c r o a m m e t e r  w a s  used and no a t tempt ,  ini t ial ly,  w a s  made to feed the 
output of the phase  sens i t ive  detec tor  back to the voltage va r iab le  
capaci tor .  The output w a s  r e a d  on a m i c r o a m m e t e r .  These  omiss ions  
w e r e  made in a n  e f fo r t  to  keep the s y s t e m  a s  s i m p l e  a s  possible in the 
initial phase  of ad jus tment  and evaluation. 
The sed iment  m e t e r  desc r ibed  above i s  i l lus t ra ted  in Fig.  8.  Th i s  
unit w a s  built  or ig inal ly  a s  a vacuum tube model .  Because  i t  exhibited 
some aging ef fec ts  and t e m p e r a t u r e  instabil i ty it w a s  re-des igned using 
t r a n s i s t o r s ,  which aga in  proved u n s a t i s f a c t o ~ y ,  and the unit was  
const ructed  the  th i rd  t i m e  again  using vacuum tubes .  Despite c o n s i d e r -  
able  effort  involved in the des ign of the  equipment i t  did not exhibit the 
requ i red  s tabi l i ty  to  m a k e  it  a  useful  ins t rument .  The chief p rob lem 
w a s  that  the phase  shi f t s  tka t  o c c o r r e d  wepe s o  s m a l l  tha t  the phase 
detec tor  s tabi l i ty  r e q u i r e m e n t s  w e r e  not adequate.  
Because  of these  s tabi l i ty  p rob lems ,  a  new approach  w a s  taken 
using a different  type of c i r c u i t r y .  P r o f e s s o r  M. Ray  Johnson of the 
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of uncertainty. His  design did not exhibit enough sys t em stability for  
use  a s  a prac t ica l  operating instrument. 
Conclusions and discussion on instrument design 
A capacitance measur ing  approach to the sediment  measuring 
device in theory appears  simple;  in practice it is  difficult. Four  
different electronic ins t ruments  were  built on this  project  for  the sensing 
of sediment using the aforementioned capacitance technique. All four 
units exhibited a n  inadequate long-time stability, A11 of the causes  of 
the instability a r e  not p resen t ly  known. Those p a r a m e t e r s  that  a r e  
known to contribute to  the instability problem include: t empera ture ,  
which i s  probably the single m o s t  important factor ;  aging; probe 
deterioration; and chemical  changes that take place within the water .  
Another factor which m a k e s  the stability problem more  acute 
involves the res is t ivi ty  of the wa te r .  Variations in res is t ivi ty  between 
4 f r e s h  water  and sea wa te r  range f r o m  10 ohm-cm for  f r e s h  to 
22 ohm-cm for  s e a  water  (16). Such a range of conductivity represen ts  
a res is tance vartation between the probes of 4 5 0 : l .  The designer  of a 
capacitance sediment device is  challenged with designing an  instrument 
which measu res  capacitance accurately  and which will  not glve fa l se  
capacitance measu remen t s  for  fluctuation of water  res i s tance ,  which 
m a y  vary over 2 o r d e r s  of magnitude. Fo r  low values of res is tance,  
significant amounts of sediment,  in the o rde r  of s eve ra l  percent  by 
volume, may change by l e s s  than 1 ;  the phase angle of the signal being 
measured .  As  this much phase shift may a l so  be obtained by tempera ture  
change of something in the o rde r  of 1°c, the need for  adequate 
tempera ture  compensation is  obv~ous .  (See Fig. 1.) 
The effects of dissolved sal ts  on the dielectr ic  constant of water  
i s  another stability factor  which mus t  be carefully considered.  As 
mentioned previously,  f rom a theoretical standpoint, r e s ~ s t a n c e  has  no 
effect. Pract ical ly  speaking, extreme1 y high stabilrty is  difficult t o  
achieve when the res is tance component of the impedance is  permitted 
to range over  such ex t reme values a s  cited above. 
After concluding t e s t s  on the four sediment  ins t ruments  built in 
the laboratory,  it  became apparent that the design of a so-called 
ultimate automatic sediment sensing me te r  was  not pract lcal ,  a t  l eas t  
for  the t ime  being. At this  point a decision was  made to attempt a 
more  thorough evaluation in the laboratory of the so-called instability 
parameters .  
LABORATORY STUDY O F  WATER-SEDIMENT MIXTURES 
Hopefully the u l t imate  goal  of t h ~ s  p r o j e c t  would be  the develop- 
m e n t  of a sed iment - sens ing  device that  would be  capable of unattended 
opera t ion  in the field on r i v e r s  and s t r e a m s .  However,  because  of the 
m a n y  v a r i a b l e s  that  affect  the m e a s u r e m e n t  of the d ie lec t r i c  constant  of 
n a t u r a l  w a t e r ,  a  detai led l a b o r a t o r y  study w a s  deemed a n e c e s s a r y  
p r e r e q u i s i t e  to even the m o s t  e l e m e n t a r y  a t t empt  a t  m e a s u r e m e n t  in 
the f ie ld .  The l abora to ry  study i s  not yet completed so  the account  
h e r e i n  i s  m o r e  o r  l e s s  a  p r o g r e s s  r e p o r t  which d e s c r i b e s  the equipment  
and techniques  being used ,  but l a c k s  the definitive conclusions and 
recommenda t ions  that  genera l ly  follow a completed study. It does  
include some da ta  that  wil l  be helpful in planning a eon t inua t~on  of the  
s tudy.  
Design of exper iment  
The review of l i t e r a t u r e  h a s  indicated that  the d ie lec t r i c  constant  
of dist i l led w a t e r  i s  known to be affected by t e m p e r a t u r e  and by the  
f requency  of the m e a s u r i n g  signal .  T h e r e  i s  a l s o  evidence of change 
in the d ie lec t r i c  constant  being brought  about by the p resence  of v a r i o u s  
salts and pa r t i cu la te  m a t t e r  in the w a t e r ,  but the amount of change as 
influenced by the type o r  concentra t ion of m a t e r i a l  i s  not known. The 
plan  w a s  to  m e a s u r e  f i r s t  the d i e l e c t r i c  p r o p e r t i e s  of dist i l led w a t e r  
and then t o  de te rmine  how these  changed when var ia t ions  of t e m p e r a t u r e ,  
sal t ,  measurement  frequency, and sediment were  introduced, a t  f i r s t  
by themselves  and then in various combinations with each other. 
All measurements  were  made a t  f requencies  above 1 megacycle 
p e r  second to minimize polarization effects a t  the electrodes.  Curt is  (4) 
s t a t e s  that  in  this particular frequency range,  the dielectric constant 
is independent of frequency; if this is  proven to be t rue ,  one var iable  
can be eliminated. 
Even though sediment concentrations a r e  normally expressed on a 
p e r  weight bas i s ,  and have been so prepared for  this study, they will 
a l so  be studied a t  a l a t e r  date on a per  volume basis .  Salt solutions 
f o r  the study were  a lso prepared on a per  weight basis.  
Equipment and technique 
A pipette-type standard conductivity cel l  having a cell  constant of 
unity was selected a s  a p ~ o b e  f o r  use in this study. T.t was equipped 
with a socket (Fig.  10) for easy  attachment to the tes t  instrument. A 
systolic pump and a length of plas t ic  tubing attached to the pipette cel l  
provided a closed sys tem for recirculating the water-sediment  samples  
to  ensure  uniformity of concentration and tempera ture .  Temperature  
control  was  provided by immers ing  a major  portion of the plastic tubing 
in a temperature-controlled water  bath. 
A Boonton RX Meter-Type 250-A was  used to  make capacitance 
and res i s tance  readiags of the t e s t  sample.  The unit i s  a wide frequency 
range impedance m e t e r  designed to permi t  accurate  individual 
Fig. 10. A pipette-type standard conductivity cell  equipped with a 
socket fo r  at tachment to the t e s t  instrument.  
determination of the equivalent paral le l  resistamce and paral le l  reactance 
of two-terminal networks and components. It is completely self-contained 
and consis ts ,  fundamentally, of a refined Schering Bridge ci rcui t ,  
together with its associated osci l la tor ,  detector ,  amplif ier ,  null 
detector and power supply. Bridge balance is  obtained by means  of two 
calibrated dials  which indicate, respect ively,  paral le l  res is tance and 
para l le l  capacitance of the unknown ( 9 ) .  The cell was calibrated by 
insert ing standard l iquids o f  known dielectric constants and known, 
specif ied t empera tures  into the  probe. Their  apparent capacitances 
w e r e  read wi th  the RX Meter ,  and the s tray  and working capacitances 
o f  the cell w e r e  calculated f r o m  the equation, E C1 t C ( l iquid) 2 
= value read on the RX Meter ,  where  E i s  the dielectric constant o f  
the standard liquid, C l  i s  the s t ray  capacitance and C i s  the working 2 
capacitance o f  the probe. I t  w a s  necessary  to measure  at l eas t  two 
l iquids t o  provide enough equations t o  solve for  the two unknowns. 
The following procedure w a s  followed for each sample measured .  
The  sample was  agitated thoroughly i n  a plastic container,  then  quickly  
injected into the closed s y s t e m  be fo re  settling o f  the  sediment  occurred.  
Care was  taken to bleed all  a i r  f r o m  the s y s t em ,  then the ksbe containing 
the  sample was placed in  the constant-temperature bath and the pump 
w a s  started t o  circulate the  m ix tu re .  When  a u s i f o r m  mix tu re  and 
tempera ture  within the  sample tube had been achieved,  capacitance and 
res is tance readings w e r e  made  and recorded for each sample .  The 
sample w a s  then emptied into i t s  s t o ~ a g e  container, the plastic hose  
and pipette cell were  rinsed w i th  distilled water ,  then drained,  and a 
new sample inser ted.  Fig.  1 1 shows the RX Meter ,  pump, conductivi ty 
ce l l ,  constant t empera ture  bath,  and plastic tubing in  t e s t  position. 
The  RX Meter was  zeroed prior t o  each reading t o  el iminate the  
possibil i ty  o f  iilstrumental " d r i f t .  " 
Fig. 11. The RX Meter ,  pump, conductivity cell ,  constant temperature  
bath, and plas t ic  tubing in  t e s t  position. 
ExgePimental resu l t s  and discussion 
It was considered desirable  to use ar t i f ic ia l  sediments  whose 
proper t ies  were known for  the initial stages of the study, before going 
to  natural, less-uniform field samples.  Artif icial  sediments  remaining 
f r o m  a previous study conducted at the laboratory w e r e  used. Those 
tes ted to date a r e  silicon carbide,  aluminum oxide, pumice,  ground 
quar tz ,  and white s i l ica  sand. 
Inasmuch a s  the measurement  of sediment by the capacitance 
technique i s  presumably dependent upon a physical  displacement of a 
portion of the dielectr ic  present  between the plates  of the probe,  
ma te r i a l s  that go into solution probably cannot be detected. However, 
some of the data indicate 'chat dissolved sa l t s  in excess  of a par t icular  
concentration begin to affect the capacitance readings in the same 
manner  a s  does sediment--this i s  an a r ea  that needs more  study. 
Various concentrations of sodium chloride w e r e  prepared by 
dissolving quantities of plain table salt  in distilled water .  Table sal t  
contains other ma te r i a l s  in minute quantities, but their  effect has  not yet 
been considered.  Exact  concentrations of sodium were  determined with 
the aid of a f lame spectrophotometer f rom which data the sodium chloride 
concentrations were  computed. Table 1 contains capacitance and 
res is tance data that have been collected f r o m  ar t i f ic ia l  sediment samples  
of various concentrations. Values of res is tance a r e  included only a s  a 
ma t t e r  of in te res t  a t  this point in the study. It was  noted during the t e s t s  
that the res i s tance  values decreased with t ime  while the capacitance values 
were  quite stable and reproducible. This m a y  be an  indication of increasing 
amounts of ma te r i a l  going into solution--another a r e a  for fur ther  study. 
A11 of the data shown in the table w e r e  obtained a t  a sample 
tempera ture  of 25 '~ ;  and a frequency of 9.  0 megacycles  per  second. 
Table  1 .  T e s t  r e s u l t s .  
Sample 




- Disti l led - 
w a t e r  
1 P u m i c e  Med. fine 
2 I! 
3 I 1  
4 ,I 
5 I I 
6 Med. coarse 
7 I !  
8 I I 
1 Med. fine 
2 1 1  
3 ,I 
4 1 1  
Aluminum 500 m e s h  
oxide II T I  
I 1  1 1  
I ,  I I 
1 1  I, 
Ground Unknown 
quar tz  II 
I, 
I! 
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RECOMMENDA TIONS 
It is  recommended that fur ther  studies be made of the factors  
affecting the dielectr ic  proper t ies  of water  using generally the equipment 
and techniques descr ibed in pa r t  two of this  report .  Specifically, these 
studies should include the following: 
1. Make additional measurements  using var ious concentrations 
of insoluble art if icial  calibration sediments.  
2 .  Make capacitance and res i s tance  measurements  of selected 
samples  f rom natural  s t r e a m s  and compare them with 
measurements  of the calibration sediments.  
3 .  Compare measurements  obtained f r o m  sediment samples  
prepared on a p e r  weight basis  with those p r e p a ~ e d  on a p e r  
volume bas i s .  
4, Determine rep~oducib i l i ty  of resu l t s .  
5. Study the effects of conducting and magnetic sediments such a5 
magneti te.  
The Boonton 250-A RX Meter  has  proven extremely useful in 
obtaining bas ic  information on the dielectr ic  proper t ies  of water-sediment  
mixtures .  Future  electronic design may well  be spent in attempting t o  
extend the idea used in the Boonton me te r .  There  a r e  two disadvantages 
of the m e t e r  a s  present ly  designed for  monitoring sediment in the field. 
F i r s t ,  i t s  l imited capacitance range of 2 0  picofarads r e s t r i c t s  the  
s ize  of i ts  sediment-sensing probe to ve ry  smal l  dimensions. Second, 
it doesn't lend itself to automatic nulling operation, i. e. it  r equ i r e s  
"intelligence" to operate. 
Fur ther  consideration of electronic design should be delayed at 
l e a s t  until laboratory studies of instability pa rame te r s  a r e  completed. 
REFERENCES 
1.  A study of methods  u s e d  in m e a s u r e m e n t  and ana lys i s  of sediment  
loads  in s t r e a m s ,  R e p o r t  No. 14,  Determination of f luvial  sed iment  
d i scharge ,  Subcommit tee  on sedimentat ion,  In teragency commi t tee  
on wa te r  r e s o u r c e s ,  S t .  Anthony F a l l s  Hydraulic L a b o r a t o r y ,  
Minneapolis,  Minnesota,  Dec. 1963, Supt. of Documents ,  U. S. 
Govt. P r in t ing  Office,  W a s h . ,  D. C. ( P r e p a r e d  f o r  publication 
b y  the  p ro jec t  s taf f  of coopera t ing agencies .  ) 
2. Becker ,  S tewar t .  Feas ib i l i ty  r e p o r t  on ins t rumenta t ion f o r  m e a s u r i n g  
sediment  movements  in a r royo- type  s t r e a m s  and l a b o r a t o r y  f l u m e s ,  
Univ. of A r i z . ,  Tucson ,  A r i z . ,  USDA-ARS, sponsored  by Soil and 
Water  Conservat ion R e s e a r c h  Division. June 1963. 
3.  Bruggeman,  D. A. G. Berechnung Versche idener  P h y s i k a l i s c h e r  
Konstanten von heterogenen Substanzen,  Ann. Phys ik ,  2 4 ~ 6 3 6 .  1935. 
4. C u r t i s ,  H. L.  Int. Cr i t .  T a b l e s ,  6, 77. 1929 
5. Drude,  P. Ann, d. P h y s i k  (Wied . ) ,  59, 17-62. 1896. 
6. Edlefsen,  N. E.  A rev iew of r e s u l t s  of d ie lec t r i c  m e t h o d s  f o r  
m e a s u r i n g  m o i s t u r e  p r e s e n t  in m a t e r i a l s ,  Ag. Eng.  14:242. 1933 
7. F r i c k e ,  Hugo, and Howard J .  Cur t i s .  The d i e l e c t r i c  p r o p e r t i e s  of 
wa te r -d ie lec t r i c  in te rphases ,  J. Phys .  C h e m . ,  41 ,  pp. 729-745. 
1937. 
8. Guil l ien,  R .  Var ia t ion  de  la. Po la r i sa t ion  Diklectr ique Avec.  la 
Densitk,  Ann. P h y s .  16, 205. 1941. 
9. Instruction manua l  f o r  the  RX Meter  Type 250-A, Boonton Radio 
Company, Rockaway, New J e r s e y .  
1 0 .  Lat tey ,  R. T . ,  and W. T.  Davies .  The influence of e lec t ro ly tes  on 
the  d ie lec t r i c  constant  of w a t e r ,  Ph i l .  Mag. , 12:1111. 1931. 
11.  Maryot t ,  Ar thur  A., and E d g a r  R.  Smith.  Table of constants  of 
p u r e  l iquids,  United S t a t e s  Dept. of C o m m e r c e ,  Nat. B u r .  Stand 
C i r c .  514, Issued Aug. 10, 1951. 
1 2 .  P o l d e r ,  D . ,  and J. H. Van Santen.  The effective pe rmeab i l i ty  of 
m i x t u r e s  of sol ids ,  P h y s i c a  12:257. 1946. 
13 ,  Ratcl iffe,  J .  A,., and F. F. W. White. Ph i l .  Mag . ,  10:667. 1930. 
14. Russe l l ,  P a u l  E. P r o g r e s s  r e p o r t  on ins t rumenta t ion fo r  m e a s u r i n g  
sed iment  m o v e m e n t s  in ar royo- type channels  and l abora to ry  f lumes ,  
Univ. of A r i z . ,  Tucson,  Ar izona.  Sponsored b y  USDA-ARS,Soil and 
Water  Conservat ion R e s e a r c h  Division. J a n u a r y  1962. 
15.  Smyth,  C h a r l e s  P. Dielec t r ic  behavior and s t r u c t u r e ,  McGraw 
Hill Book C o . ,  I n c . ,  New York. 1955. 
16. T e r m a n ,  F. E. E lec t ron ic  and radio  engineer ing,  McGraw Hill,  
p. 808. 1955. 
17. Voet, Andr ies .  Die lec t r i c s  and rheology of non-aqueous d i spers ions ,  
J. P h y s .  and Colloid S c i . ,  51, 1037. 1947. 
18. Voct, Andr ies ,  and Louis  R. Suriani .  D i e l e c t r i c s  and rheology of 
d i s p e r s e d  magne t i zed  p a r t i c l e s ,  J. Colloid S c i . ,  7, 155. 1951. 
19.  Wyman, J. M e a s u r e m e n t s  of the  d ie lec t r i c  constants  of conducting 
media ,  P h y s .  Rev.  35, 623. 1930. 
20. Wyman, J., and E. N. Ingalls.  The  d ie lec t r i c  constant  of deuter ium 
oxide, J. Am.  Chem.  Soc. 60, 1182. 1938. 
21. Yevstigneyev, V. B. The u s e  of d ie lec t r i c  m e a s u r e m e n t s  to d e t e r m i n e  
















k"-l. T a r *  ag p l n ~  ado ir 
5;'yl- 'J,-?Y -7 PI-qS j-Q 01s MY-1 m d  3 y+ 





1 (Lb-b) t j ' ~  4- 2'47% zrz> 
= L'S 
(L '+ '~~@ZJ( I~O~ + "3 jL +I( C' 0) f- ( 2 ~ 2 - p  "bXz I') 
--? 









n' 8 = - -  *&[ R i P z c  = c o t  
I -2 - I -b" 
L C  












I o f f s e t  I 
a d j u s t  I 


